ABSTRACT An experiment was conducted to characterize a gut health challenge model consisting of a diet containing rye, wheat, and feather meal and a mild mixed-species Eimeria challenge, and to evaluate the effect of carbohydrase and protease on growth performance and gut health of young broilers. The study included 4 treatments: negative control, carbohydrase alone, protease alone, and combination of carbohydrase and protease. Each test diet was fed to 18 battery pens of broilers with 8 male birds per pen from 0 to 22 d of age. Carbohydrase improved body weight, feed intake, and feed conversion ratio (FCR) on d 7, 14, and 21(P < 0.01). Protease increased body weight on d 7 and 21 and improved 0 to 7 d FCR (P < 0.05). More lymphocyte infiltration was observed in small intestine mucosa of negative control birds on d 8, carbohydrase supplementation lessened this. Both carbohydrase and protease reduced digesta viscosity on d 22 with the carbohydrase effect being the greater of the two, and the combination effect was not different from the carbohydrase effect alone (P < 0.01). Ileal Clostridium perfringens of 15-day-old broilers was decreased by carbohydrase, a further reduction was achieved by combining carbohydrase with protease (P = 0.01). Liver vitamin E concentration on d 15 (P < 0.01) and 22 (P = 0.02) was increased by carbohydrase, and the carbohydrase effect was greater in the presence of protease on d 22 (P = 0.04). Plasma α-1-acid glycoprotein level and liver Zn and Cu concentrations of broilers were reduced by carbohydrase on d 15 (P < 0.01). Broilers fed carbohydrase had higher levels of plasma zeaxanthin on d 22 and higher levels of plasma lutein on d 15 and 22 (P < 0.01). In summary, a rye wheat based diet containing feather meal when fed to broilers in addition to a mild Eimeria challenge induced subclinical enteritis characterized by digestion inefficiency, dysbacteriosis, inflammation, and gut barrier failure; carbohydrase and protease could be effective tools to improve growth performance and gut health of broilers suffering from this type of subclinical enteritis.
INTRODUCTION
Coccidiosis and enteritis are two of the most prevalent enteric diseases in intensive modern poultry production despite the fact that use of coccidiostats, vaccines, or both to control coccidiosis and application of antibiotic growth promoters (AGP) in feed to guard against enteritis are commonly practiced. It is estimated that coccidiosis costs the global poultry industry more than $3 billion, and enteritis another $2 billion annually including cost of prevention, treatment, and performance and mortality loss associated with the diseases (Williams, 1999; Van der Sluis, 2000; Dalloul and Lillehoj, 2006; Van Immerseel et al., 2009) . Maintaining a healthy gut is an essential element for efficient, profitable, and sustainable poultry production because of its impacts on a variety of vital issues such C 2016 Poultry Science Association Inc. Received May 3, 2016. Accepted July 22, 2016. 1 Corresponding author: frances.yan@novusint.com as production efficiency, food safety, environmental protection, and animal welfare. With increasing consumer concerns of the development of bacterial resistance to antimicrobial drugs and the potential for residues associated with the current practice of AGP use, legislation is already in place to ban or limit AGP usage for food animal production in some world areas, and its future for growth promotion and disease prevention in poultry feed is in question. Nutritional intervention as well as other non-antibiotic means will need to be an integral part of a multipronged strategy for maintaining a healthy gut and preventing enteric diseases in the absence of in-feed AGP. Several categories of feed additives including enzymes, probiotics, prebiotics, organic acids, essential oils, and immune stimulants such as β-glucans have been evaluated for their potential to be AGP alternatives with a variable degree of success (Griggs and Jacob, 2005; Applegate et al., 2010; Caly et al., 2015) . It is unlikely any one single feed additive will be the ultimate AGP alternative given the multifactorial etiology of gut health challenges, and most probably proper combinations will be 817 needed. The optimal combination could vary depending on dietary and environmental conditions along with health status of a flock. Understanding source of dietary challenges to gut health and the impact of feed additives under certain challenges will be of importance to determine when and how to use these feed additives effectively to maintain gut health, and therefore productivity of a flock.
It has long been recognized that broilers fed diets containing rye and wheat, especially rye, could not digest their feed efficiently, have sticky droppings, and are more prone to enteritis (Halpin et al., 1936; Smith and Maclntyre, 1960; Branton et al., 1987; Riddell and Kong, 1992) . Whereas the mechanism is not completely understood, it is believed that the soluble non-starch polysaccharide (NSP), especially arabinoxylan, acts as an anti-nutritional factor by increasing digesta viscosity, slowing down feed passage rate, decreasing nutrient digestibility, and creating dysbacteriosis (Choct and Annison, 1992; Bedford and Classen, 1993; Bedford and Morgan, 1996; Choct et al., 1999) . Besides viscous grains such as rye, wheat, and barley, protein source and level are also predisposing factors for enteritis in broilers. Most of the bacteria present in the hindgut can ferment protein resulting in toxicity, tissue damage and inflammatory response directly or as a result of the noxious metabolites produced by protein fermentation such as indoles, skatoles, biogenic amines, branched chain fatty acids, and ammonia (Drew et al., 2004; Palliyeguru et al., 2011; Windey et al., 2012) . Xylanase is the second enzyme after phytase that has received worldwide acceptance in the feed industry and is commonly used in poultry diets, especially those containing wheat. It has been shown that supplementation of poultry diets with xylanase can reduce digesta viscosity, increase nutrient digestion and passage rate, and modify gut microbiota in broilers fed diets containing rye, wheat, or both (Dänicke et al., 1997; Vahjen et al., 1998; Choct et al., 1999; Nian et al., 2011) . Protease is receiving more attention as an effective tool to increase amino acid digestion, improve growth performance, and reduce feed cost. The effect of protease beyond releasing amino acids has also been observed such as improving gut development of broilers (Wang et al., 2008; Peek et al., 2009 ) and improving intestinal morphometry, ecology as well as alleviating inflammation in piglets (Wang et al., 2011) .
In this experiment, rye and wheat were used as cereal sources to create high digesta viscosity, and feather meal was used as an additional protein source besides soybean meal to further increase undigested protein in the gut beyond that associated with increased intestinal viscosity. Unlike other challenge models designed to create necrotic enteritis, the goal of this work was to model broiler subclinical enteritis without a direct oral Clostridium perfringens (C. perfringens) challenge and to evaluate the effect of carbohydrase and protease on growth performance and gut health of broilers using C. perfringens overgrowth in the ileum among other measurements, as a potential marker of dysbacteriosis.
MATERIALS AND METHODS

Birds and Housing
Guide for the Care and Use of Agricultural Animals in Research and Teaching (FASS, 2010) was followed for housing and care of the animals throughout the study. A total of 576 Ross 308 male broilers were purchased from a local hatchery (Stover Hatchery, Stover, MO). Upon arrival, birds were placed immediately in 72 wire flooring battery pens in an environmentally controlled room with 8 birds per pen. The pens were arranged in 3 tiers vertically with 24 pens per tier. Each pen was equipped with a trough feeder placed in front and a nipple drinker inside. Test diets and water were provided for ad libitum consumption throughout the trial. The room was preheated to 32
• C two days prior to study and kept at 32
• C for the first 3 days. Then room temperature was reduced by 1
• C about every other day until reaching 23
• C on d 17 and was kept at 23
• C until the end of the trial. For the first 3 days, 23 hours of light was provided. The light period was reduced to 18 hours from 4 to 12 days and to 16 hours from 13 to 22 days.
Experimental Diets and Procedures
Rye, soft wheat, soybean meal, and feather meal were used as primary ingredients to formulate a diet that met or exceeded NRC (1994) nutrient recommendations for broilers 0 to 21 d of age. The composition and nutrient analysis of the diet are shown in Table 1 . A large amount of a basal diet devoid of enzymes was made first and then divided into 4 aliquots of equal amounts to reduce variation among test diets from weighing and mixing. The basal diet was analyzed for proximate analysis, amino acid profile, total P, Ca, and Na to verify proper mixing. Corn starch 0.10%, carbohydrase 0.05% plus corn starch 0.05%, protease 0.05% plus corn starch 0.05%, and carbohydrase 0.05% plus protease 0.05% were added to each of the 4 aliquots, respectively, to derive the 4 test diets, i.e., negative control, carbohydrase alone, protease alone, and combination of carbohydrase and protease. So the treatments were arranged in a 2 × 2 factorial design with 2 levels of carbohydrase (0 and 0.05%) and 2 levels of protease (0 and 0.05%). The carbohydrase and protease used in the study were CIBENZA CSM and CIBENZA DP100 (Novus International Inc., St. Charles, MO). At 0.05%, CIBENZA CSM provided per kg diet with 1,4-β-xylanase 1,000 units (one unit of xylanase is defined as the amount of enzyme that will produce 1 µmole of reducing sugar, expressed as xylose, per minute at 40
• C and pH 4.7), 1,3 (4)-β-glucanase 37.5 units (one unit of glucanase is defined as the amount of enzyme that will produce 1 µmole of reducing sugar, expressed as glucose, per 3 Carbohydrase, protease, corn starch: one large batch of basal diet devoid of enzymes and corn starch was mixed first and then divided into 4 aliquots of equal amount. Corn starch (0.10%), carbohydrase & starch (0.05% each), protease & starch (0.05% each) and carbohydrase & protease (0.05% each) were added to each aliquot to make diet 1, 2, 3, and 4, respectively. The carbohydrase and protease used were CIBENZA CSM and CIBEZA DP100 (Novus International Inc., St. Charles, MO). At 0.05%, CIBENZA R CSM provided xylanase 1,000 units, β-1,3 β-1,4 glucanase 37.5 units, and 12.5 units α-galactosidase units per kg of diet. At 0.05%, CIBENZA DP100 provided 300 units of protease per g of diet.
4 MYCO CURB dry, Kemin Industries, Inc. Des Moines, IA 50317. 5 Provided per kg of diet: vitamin A (from vitamin A acetate) 7,001 IU; cholecalciferol 2,500 IU; vitamin E (from vitamin E acetate) 10 IU; vitamin B 12 0.014 mg; riboflavin 6.5 mg; niacin 37.5 mg; pantothenate 10 mg (from calcium pantothenate); Vitamin K (from menadione sodium bisulfite) 2.01 mg; folic acid 0.9 mg; thiamin (from thiamin mononitrate) 1.8 mg; pyridoxine (from pyridoxine HCl) 3.5 mg; d-biotin 0.15 mg. minute at 40
• C and pH 4.0), and α-galactosidase 12.5 units (one unit of galactosidase is defined as the amount of enzyme which will liberate 1 µmole of galactose from p-nitrophenyl-α-D-galactopyranoside at pH 5.5 and 37
• C). At 0.05%, CIBENZA DP100 provided protease 300 units (one unit of protease is defined as an increase in absorbance of 0.01 at 410 nm over 15 minutes at 37
• C and pH 8.0) per g of diet. Each test diet was fed to 18 replicate pens of 8 birds in mash form from 0 to 22 d of age. Randomized complete block design was employed with tier of battery as a blocking factor. Birds were weighed by pen on d 0, 7, 14, and 21. Feed consumption by pen was also determined on a weekly basis. Mortality was checked twice daily, and the weights of dead were used to adjust for feed conversion ratio (FCR).
On d 0, a mixed-species (Eimeria acervulina, Eimeria maxima, and Eimeria tenella) live oocyst coccidial challenge (Advent Coccidiosis Control, Viridus Animal Health, LLC, Lincoln, NE at 3 times the recommended vaccination dose) was applied to all birds by oral gavage. A large piece of white paperboard was placed on the wiring floor in each pen for the first 14 days to grant birds access to their excreta and therefore to allow normal Eimeria cycling and reinfection of the gut epithelial cells. On d 5, one bird per pen was injected intraperitoneally with 5-bromo-2'-deoxyuridine (BrDU) at the rate of 10 mg per kg of body weight. When sacrifice of animals was required to collect samples throughout the trial, birds were killed by cervical dislocation. On d 8, the BrDU birds were sacrificed, one ∼1-cm piece of mid-duodenum and one ∼1-cm piece of mid-gut including Meckel's diverticulum were cut, quickly and gently flushed with NOTOXhisto fixative (Scientific Device Laboratory, Des Plaines, IL), and fixed in NOTOXhisto (NOTOXhisto to tissue ratio no less than 20:1) for morphometry examination and measurements. On d 15, one bird per pen was sacrificed to collect plasma, liver, and ileal digesta samples. Blood samples were collected into heparin prefilled tubes, centrifuged at 1,500 × g for 15 m at 4
• C, and plasma samples were stored at −70
• C for determination of lutein, zeaxanthin, α-1-acid glycoprotein (α 1 AGp), glutathione peroxidase (GPx) activity, malondialdehyde (MDA), superoxide dismutase (SOD) activity, and uric acid. The whole livers were collected, placed on dry ice immediately, and then stored at −70
• C for vitamin E, vitamin A, Zn, and Cu determination. The entire ileal sections were removed, tied off at both ends, and placed into cold saline solution on ice, and fresh contents were squeezed out gently and cultured for C. perfringens. On d 22, heparinized plasma samples were collected from one bird per pen and stored for analysis of lutein, zeaxanthin, GPx, and SOD activity, and liver samples were collected from the same bird for measurement of vitamin A and vitamin E concentration. From two birds per pen, digesta samples were collected by gently squeezing the jejunal and ileal content, and the fresh samples were measured for viscosity on d 22.
Sample Analyses
Unless mentioned otherwise, all sample analyses were performed in-house (Novus International, Inc. Analytical Laboratory, St. Charles, MO).
Dietary proximate analyses and amino acid quantification were performed at a commercial laboratory (Agricultural Experimental Station Chemical Laboratories, University of Missouri, Columbia, MO) Fixed tissue samples were processed, embedded, sectioned to 5 µm sections, and stained with hematoxylin and eosin. The duodenum and mid-gut morphometry was measured under Olympus light microscope using Olympus MircroSuite Imaging software (Center Valley, PA). Villus height from 5 representative villi and crypt depth from 5 representative crypts were measured. Microscopic examination of overall mucosa morphometric integrity especially at the villus tips and lymphoid infiltration of mucosa especially in the lamina propria region was performed.
For determination of liver Zn and Cu, an internally modified method similar to AOAC (2006) method 985.01 was used. The liver samples were dried, ashed, digested in acid, and then analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES) for Zn and Cu. Liver vitamin A and vitamin E concentration was quantified with a HPLC method described by McGeachin and Bailey (1995) . Plasma lutein and zeaxanthin levels were analyzed by a commercial lab (Craft Technologies, Inc. Wilson NC) using a HPLC method described by Nomura et al. (1997) with slight modifications. Plasma α 1 AGp concentration was measured using a chicken α-1-acid glycoprotein measurement kit from the Institute for Metabolic Ecosystem (Miyagi, Japan). Glutathione peroxidase (GPx) activity was analyzed with Cayman's Glutathione Peroxidase Assay Kit 73102 which measures all glutathione dependent peroxidase activity. Plasma MDA was quantified with TBARS Assay kit 10009055. Plasma SOD activity was measured using Superoxide Dismutase Assay kit 706002 (GPx, MDA, and SOD assay kits were all purchased from Cayman Chemical Company, Ann Arbor, MI). Plasma uric acid was quantified with Uric Acid Assay Kit Z5030021 (Biochain, Newark, CA).
Clostridium perfringens colony counts were determined with fresh ileal digesta of 15-day-old broilers using a traditional culture method. After incubation of 10 −1 , 10 −3 , and 10 −5 digesta dilutions in BD Difco SPS Agar (BD Diagnostic Systems, Sparks, MD) under anaerobic conditions at 37
• C for 24 h, Clostridium perfringens colony counts were enumerated. To determine digesta viscosity, fresh jejunal and ileal digesta from the same bird were pooled and centrifuged at 1,942 × g for 10 min. Supernatant was taken for viscosity measurement with Brookfield LVDV-1' viscometer (Brookfield Engineering Laboratories, Middleboro, MA), and readings were recorded with CPE-40 spindle spinning at 2.0 rpm under constant temperature of 25
• C.
Statistical Analysis
Data were subject to two-way analysis of variance using General Linear Models procedures of SAS (2011) to examine the main effect of carbohydrase, protease, and their interaction. Pen was the experimental unit for all measurements. Means were separated by Fisher's protected least significant difference (LSD) test. Statements of significance were based on P-value of equal or less than 0.05, and a P-value between 0.05 and 0.10 was considered as a trend.
RESULTS
Growth Performance
Effects of dietary treatments on growth performance of 7, 14, and 21-day-old broilers are shown in Table 2 . No interaction of carbohydrase and protease 
Gut Morphometry
More lymphocytic infiltration was observed in the small intestine mucosa, especially lamina propria region, of negative control birds on d 8, the situation lessened when carbohydrase was supplemented in the diet (Figure 1 ). Mid-duodenal and mid-gut villus height, crypt depth, and villus height crypt depth ratio of 8-d broilers were not significantly affected by carbohydrase or protease. However, there was a trend (P = 0.06) for protease to decrease crypt depth of mid-gut, which was 138 µm with protease and 149 µm without protease, a 7.4% reduction (Table 3 ). a-c within a comparison, means without a common superscript differ significantly (P ≤ 0.05).
Digesta Viscosity and C. Perfringens
Small intestine digesta viscosity was affected by both carbohydrase and protease, and there was a significant interaction between them. Protease alone reduced digesta viscosity by 31%, carbohydrase alone reduced it by 86%, and the reduction of digesta viscosity by the combination of protease and carbohydrase was 85%, which was not different from the effect of carbohydrase alone (Table 4 ). Ileal C. perfringens of 15-day-old broilers was also influenced by both carbohydrase and protease in an interactive way (Table 4) . Carbohydrase reduced ileal C. perfringens by 1.5 logs, which was 96.8% in the absence of protease; with the presence of protease, carbohydrase reduced C. perfringens by 2.8 logs, which was 99.9% indicating a synergistic effect on controlling ileal C. perfringens between them. To interpret the results with respect to protease, it had no effect on C. perfringens without carbohydrase, and with carbohydrase present in the diet, protease lowered C. perfringens by 0.75 log, a reduction of 82.2%.
Liver Vitamins and Minerals
Liver vitamin and mineral concentrations of broilers as affected by enzyme supplementation are shown in Table 5 . Despite a 29% increase in liver vitamin A concentration of 15-day-old broilers by carbohydrase, the effect was only a trend (P = 0.06) due to high variation in this variable. Carbohydrase had no significant effect on liver vitamin A concentration of 22-day-old broilers. On d 15, carbohydrase significantly increased vitamin E concentration by 27%, and the effect was independent of protease; whereas on d 22, there was an interaction between carbohydrase and protease on liver vitamin E concentration such that in the absence of protease, carbohydrase increased vitamin E concentration by 44% (21.41 µg/kg with carbohydrase vs 14.91 µg/kg without carbohydrase), and when protease was present, the improvement of liver vitamin E concentration by carbohydrase reached 97% (24.46 µg/kg with carbohydrase vs 12.41 µg/kg without carbohydrase) suggesting a synergistic effect between carbohydrase and protease. Liver Cu concentration was 18% lower, and liver Zn concentration was 14% lower for broilers fed carbohydrase supplemented diets in comparison to those fed diets without carbohydrase supplementation. Except for a protease carbohydrase interactive effect on liver vitamin E concentration of broilers on d 22, protease effect on liver vitamin A, vitamin E, Cu, and Zn concentrations was minimal. 
Plasma Measurements
Plasma lutein and zeaxanthin, both trans-and cisforms, were quantified on d 15 and 22 (Table 6) . Approximately 93% lutein and zeaxanthin in broiler plasma were in trans-form, the rest in cis-form. Broiler plasma trans-lutein concentration was significantly increased by carbohydrase on d 15 and d 22 with the effect greater on d 22 (74% increase on d 22 and 36% increase on d 15), and the effect was independent of protease. Irrespective of protease, carbohydrase also significantly increased plasma trans-zeaxanthin concentration on d 22 by 42%. Cis-forms of lutein and zeaxanthin were quantified together by HPLC because they were in much lower concentrations in the plasma compared to trans-forms. Carbohydrase supplementation returned higher concentration of cis-forms of lutein plus zeaxanthin on d 15 and 22; the improvement was only observed when protease was present on d 15, but the effect was independent of protease supplementation on d 22. Effects of dietary treatments on plasma α 1 AGp, uric acid, and antioxidant measurements of broilers are shown in Table 7 . Carbohydrase significantly reduced plasma acute phase protein α 1 AGp concentration of 
DISCUSSION
The primary function of animals' gastrointestinal tract is to digest ingested food and absorb nutrients that will be metabolized and utilized for maintenance, growth, and production. An array of gut health challenges could happen and compromise the normal function of the gastrointestinal tract in fast growing modern broilers such as pathogen invasion, digestion failure, dysbacteriosis, inflammation, oxidative stress, and gut barrier failure. Furthermore, these factors all interact such that any one of them can create conditions that can initiate the involvement of the others leading to a deterioration of overall gut health. Our approach in developing a model to study dysbacteriosis was to include an initiating factor that was primarily nutritional in origin that would create a chronic, sub-clinical form of dysbacteriosis. In particular we were interested in studying sub-clinical necrotic enteritis by monitoring the changes in the concentration of C. perfringens in the lower small intestine of broiler chickens. In this trial, a dietary factor including a combination of rye, wheat, and feather meal was used as the etiological factors, and the overall gut health was evaluated in terms of gut morphometry, microbiota, gut barrier function, fat soluble vitamin and carotenoid absorption, immune response, and oxidative stress. Although a mixed species Eimeria challenge was applied in the trial, our previous unpublished work indicated that while Eimeria challenge might help improve the model consistency, diet was the most important etiological factor for the gut health model, and many of the gut health challenges observed were similar with or without the Eimeria challenge. It has long been recognized that broilers fed rye containing diets don't grow well, have wet and sticky droppings that stick to their toes and interfere with their locomotion (Halpin et al., 1936; Smith and Maclntyre, 1960; Fernandez et al., 1973) . Moran et al. (1969) were among the first to realize that some water soluble NSP in rye is the main reason behind its unfavorable feeding effect in poultry. It is reported that on a dry matter basis rye contains 3.4% soluble arabinoxylan and 0.9% soluble β-glucan, which are high in comparison to most cereal grains, especially the soluble arabinoxylan content (Englyst, 1989) . These soluble NSPs in rye are highly viscous, and they are responsible for sticky droppings as well as increased digesta viscosity which impedes nutrient digestion and absorption (Antoniou et al., 1981; Fengler and Marquardt, 1988) . Wheat is a typical ingredient used in poultry feed in some parts of the world such as Europe, Canada, and Australia. When it is available and its price is competitive against corn, wheat gets incorporated into poultry diets in many other regions including the United States. Although excellent growth performance and health may be achieved with wheat based diets, it is recognized that broilers fed wheat based diets are more prone to enteritis due to its high NSP content, mainly arabinoxylan (Branton et al., 1987; Kaldhusdal and Skjerve, 1996) . However, it contains lower soluble arabinoxylan content (1.8%) in comparison to rye (3.4%) (Englyst, 1989) , therefore it is a more acceptable ingredient than rye for broiler diets. Despite its high protein content, feather meal sees limited usage in poultry industry mainly due to its low protein digestibility and imbalanced amino acid profile. Bryden et al. (2009) reported an apparent ileal digestibility value of only 57% for crude protein in feather meal, which is in general agreement with Novus unpublished values of 56% for one feather meal sample and 66% for another feather meal sample. Apart from its low protein digestibility, imbalanced amino acid profile is another contributor to the overall poor quality of feather meal protein. Although it is rich in Cys, feather meal is extremely deficient in some essential amino acids such as Met, Lys, His, and Trp for chickens (Moran et al., 1966) . It is not difficult to understand that with protein digestibility this low, more undigested proteins will be present in the lower gastrointestinal tract, therefore providing the otherwise unavailable nutrients for protein fermenting bacteria to proliferate, especially in the hind gut where nutrient availability is typically the main constraint to growth since fermentable carbohydrates typically get depleted in the fore gut. Proteolytic fermentation is believed to be detrimental for host health due to production of potentially toxic metabolites such as ammonia, amines, phenols, and sulfides (Windey et al., 2012) . In this trial, rye, wheat, and feather meal were used in an effort to create a consistent subclinical enteritis model without challenging birds directly with pathogens such as C. perfringens or Salmonella. In this model, the underlying cause of subclinical enteritis is digestion failure, which is the result of a combination of high viscosity from high NSP content in rye and wheat and low protein digestibility from poor protein source feather meal.
Without supplementation of enzyme, the broilers weighed 486 g at d 21 with a FCR of 1.853, which was rather poor in comparison to performance objectives of 945 g in body weight and 1.289 in FCR for this strain of broilers (Aviagen, 2012) . The poor growth performance could be the manifestation of digestive inefficiency along with gut health challenges of many kinds caused by digestion failure. Digesta viscosity of broilers fed a typical corn soybean meal based diet is around 2 to 3 centipoise (cP) (Novus unpublished data), slightly more viscous than water which is 1 cP at 20
• C. In this study, a much higher viscosity value (592.6 cP) was observed for digesta from birds fed the negative control diet. High digesta viscosity by definition means more resistance for the whole digesta to move through the gastrointestinal tract, for the digestive enzymes to reach their substrates, and for the digested nutrients to travel to enterocytes and be absorbed by these cells. As expected, carbohydrase significantly decreased digesta viscosity since the carbohydrase blend used in the trial contains xylanase and glucanase, which are able to hydrolyze viscous arabinoxylan and β-glucan, respectively. The reduction of digesta viscosity by carbohydrase in broilers fed rye containing diets was previously reported by several other researchers (Bedford and Classen, 1993; Zhang et al., 2000) . It is interesting that protease also reduced digesta viscosity, although to a lesser extent than carbohydrase, only in the absence of carbohydrase. Similarly, Odetallah et al. (2003) observed reductions of digesta viscosity by protease in broilers fed corn soybean meal based diets. It is unknown how protease reduced broiler digesta viscosity. It is possible that by helping break down protein into peptides of shorter length and by increasing amino acid digestion and absorption, protease modified gut microflora to benefit growth of certain bacteria that produced enzymes capable of degrading viscous NSPs. It has been recognized that rye could markedly reduce nutrient absorption in general, especially fat absorption in broilers (Marquardt et al., 1979; Antoniou and Marquardt, 1982) . Only carbohydrase supplementation significantly increased liver vitamin E, plasma lutein, and plasma zeaxanthin concentrations of broilers. The fact that the carbohydrase effect was much greater than the protease effect on reducing viscosity and increasing liver vitamin E and plasma carotenoids concentration suggested that the high digesta viscosity caused by dietary rye and wheat played a significant role in interfering with nutrient digestion in broilers fed this type of diet. It is interesting to note that there was an interaction between carbohydrase and protease in d 22 liver vitamin E concentration that carbohydrase worked better in the presence of protease. It is evident that the birds fed the rye, wheat, and feather meal containing negative control diet were not able to digest and absorb carotenoids and vitamin E efficiently, and the digestion inefficiency probably held true for other nutrients, especially fat and fat soluble nutrients considering how high viscosity impedes overall nutrient digestion and absorption. Besides viscosity, inflammation and infection could also have played a role in the observed difference in digestion and absorption of carotenoids and fat soluble vitamins. It has been reported that absorption of carotenoids and vitamin A particularly decreased during enteric infections (Allen, 1992; West et al., 1992) , and the magnitude of reduction could not be accounted by the reduced fat absorption alone. The diminished carotenoid absorption was mediated by interleukin-1 and was a hallmark of the acute phase response to inflammation (Koutsos et al., 2003) . As discussed later, carbohydrase also reduced local intestinal intraepithelial lymphocyte infiltration and systemic acute phase response, which could partially account for the increased liver vitamin E and plasma carotenoids concentration observed in chickens fed diets containing carbohydrase.
Besides lack of nutrients to support optimal health and normal growth for broilers, digestion failure also has implications for gut microbiota. The microorganisms inhabiting the intestinal tract of humans and animals outnumber the cells of a host (Savage, 1977) , and bacterial genes are 40 to 50 times the number of genes in chicken genome (Lu et al., 2003; Apajalahti et al., 2004) . Although it is not clearly understood what types of intestinal microbial profiles are optimal, increasing evidence suggests gut microbiota play a vital role in growth and health of chickens (Kogut, 2013; Rinttilä and Apajalahti, 2013) . These bacteria compete with the host for nutrients required for their own growth and proliferation. With digestive failure, ample nutrients will be available for the gut bacteria. The slower passage rate caused by high viscosity also provides the bacteria more time in the gastrointestinal tract. The two factors, nutrient availability and time, provided partial explanation for the observation that broilers fed diets containing viscous grains such as rye, barley, and wheat tend to have higher loads of bacteria in their gut and are more prone to enteritis. In this study, we cultured ileal digesta for C. perfringens as an indication of dysbacteriosis. Dysbacteriosis refers to a shift in gut microflora in favor of organisms that do not normally predominate (Wilson et al., 2005) . Despite being the causative agent of necrotic enteritis, C. perfringens is ubiquitous, and it is a normal inhabitant in the gastrointestinal tract of healthy chickens. Existence of C. perfringens itself is not a risk factor for necrotic enteritis unless excessive growth occurs along with some predisposing factors such as coccidiosis, mycotoxicosis, and salmonellosis. For healthy chickens fed corn soybean meal based diets, the ileal C. perfringens counts are typically around 1 to 2 log cfu/g digesta (Novus inhouse data, unpublished). The birds fed the negative control diet in this trial had 4.4 log cfu/g C. perfringens in their ileal digesta, which was 100 to 1,000 times more than the typical level observed in healthy birds on corn soybean meal based diets. The results of this and other unpublished in-house studies demonstrate that although birds are not challenged with C. perfringens, the gut health model induced by high levels of dietary rye and wheat is characterized by dysbacteriosis favoring overgrowth of C. perfringens in the ileum, a demonstration that nutritional factors can have a significant and consistent effect on gut microbiota. It also supports the statement by Wilson et al. (2005) that bacterial enteritis is increasingly being recognized less as an invasion of pathogenic organisms per se and more an expression of the normal process by which the bacterial population changes over time in response to changes in the intestinal environment. Both carbohydrase and protease affected ileal C. perfringens counts, and their effects were dependent on each other. Similar to its effect on liver vitamin E concentration, carbohydrase was more effective in reducing C. perfringens in the presence of protease. On the other hand, protease reduced ileal C. perfringens only in the presence carbohydrase. It is worth mentioning that the use of both carbohydrase and protease reduced ileal C. perfringens from 4.4 to 2.1 log cfu/g, a typical level that is observed in healthy broilers fed corn soybean meal based diets. The synergistic effect between carbohydrase and protease on improving liver vitamin E concentration and decreasing ileal C. perfringens counts indicated that each enzyme had its own mode of action, and they had the potential to facilitate each other when combined together, and broilers could benefit the most from the combination when they face gut health challenges such as digestion failure and dysbacteriosis. The reports from literature on carbohydrase effect on C. perfringens numbers in the gastrointestinal tract are not consistent. Choct et al. (2006) found that xylanase reduced cecal C. perfringens in broilers fed wheat based diets. On the other hand, Jia et al. (2009) did not see a significant effect of a multicarbohydrase on digesta C. perfringens levels in broilers fed either corn or wheat barley based diet challenged with C. perfringens. It is difficult to compare the results of different studies due to differences in diet type, challenge conditions, enzymes tested, and health status of animals among these trials.
The gastrointestinal tract of healthy broilers has to serve as a functional barrier to prevent entry of antigenic substances, including microorganisms, food antigens, and toxins. Physical, chemical, immunological, and microbiological approaches are all employed to maintain normal gut barrier function. Gut is the organ that has more immune surveillance than any other organs in the body because of the constant and direct contact it has with foreign antigens (Nishio and Honda, 2012) . Gut morphometry examination revealed more villus tip damage (graph not shown) and lymphocyte infiltration in the small intestine mucosa confirming the negative control birds were associated with enteritis with compromised barrier function and elevated immune responses. The circulating α 1 AGp results confirmed these observations. Alpha-1-acid glycoprotein is one of the acute phase proteins that liver secretes in response to inflammation. An elevated level of circulating α 1 AGp is an indication of barrier failure and systemic inflammatory response. Carbohydrase decreased small intestine mucosa lymphocyte infiltration and lowered circulating α 1 AGp concentration of broilers, indicating it is effective in improving gut barrier function and dampening immune responses. Birds fed diets supplemented with carbohydrase also had lower liver Zn and Cu concentrations, likely due to less systemic inflammation and lower acute phase responses. Klasing and Johnstone (1991) reported that immune system stimulation induced a series of metabolic changes including redistribution of Zn and Cu within the body from circulatory system to the liver to support hepatic synthesis of acute phase proteins such as metallothionein and ceruloplasmin. Liu et al. (2012) also observed better intestinal barrier function with xylanase supplementation in broilers fed wheat based diet and challenged with C. perfringens indicated by lower plasma endotoxin level and increased mRNA expression of occludin and mucin 2 in the ileum. The lower number of ileal C. perfringens and the better gut barrier function observed in carbohydrase fed birds should reduce immune stimulation and therefore probably were the main reason for the lower immune responses such as less intraepithelial lymphocyte infiltration and lower plasma α 1 AGp level. However, it should also be kept in mind that carotenoids and some fat soluble vitamins such as vitamin A, E, and D have modulatory roles in immune responses (Klasing, 2006; Koutsos et al., 2006) . The liver vitamin E and plasma carotenoid concentrations were higher with carbohydrase supplemented birds, which could also play a role in the reduced systemic inflammatory responses in these birds. Protease effect on lymphocyte infiltration and plasma α 1 AGp level was minimal. It had a tendency to reduce midgut crypt depth indicating less cell proliferation was required to provide and maintain adequate functional epithelial cells along villi. Wang et al. (2008) also reported that protease supplementation decreased crypt depth to villus height ratio in the small intestine of 21-day-old broilers fed either soybean meal or cottonseed meal based diets.
It should be emphasized that inefficiencies and disease resulting from gut barrier failure occur in commercial production and have important economic consequences. Although deterioration in feed efficiency would be expected in broilers suffering from enteritis, the activation of the acute phase response, indicated here by elevation of α 1 AGp triggers both skeletal muscle protein catabolism and diversion of nutrients into a number of acute phase proteins. Perhaps less well recognized are the disease consequences that have been associated with dissemination of gut microbiota during episodes of barrier failure. These include gangrenous dermatitis (Ritter, 2006; Neumann et al., 2007) , femoral and tibial head necrosis (Wideman and Prisby, 2012) , and osteomyelitis and bacterial chondronecrosis with osteomyelitis (Kolbjørnsen et al., 2011; Makrai et al., 2011) .
Broilers suffering from enteritis are prone to oxidative stress because on the one hand elevated innate immune responses produce more reactive oxygen and nitrogen species and catabolic enzymes as weapons to eliminate pathogens which can also damage normal host cells in the immediate vicinity, on the other hand, absorption of nutrients including those required to support antioxidant functions is reduced. It is well known that vitamin E, lutein, and zeaxanthin are all powerful antioxidants that are essential to maintain oxidative balance for broilers. The lower levels of liver vitamin E, plasma lutein, and plasma zeaxanthin observed in the negative control birds along with more lymphocyte infiltration in the small intestine mucosa probably exposed these birds to more oxidative stress. Under these conditions, carbohydrase had the potential to alleviate the oxidative stress since it increased liver vitamin E, plasma lutein, and plasma zeaxanthin concentrations and reduced small intestine lymphocyte infiltration. However, there was little difference in activity of plasma antioxidant enzymes, SOD and GPx, and plasma MDA and uric acid concentrations among dietary treatments. The only significant effect on these measurements observed was an interactive carbohydrase protease effect on plasma SOD activity in which the combination of carbohydrase and protease returned higher SOD activity in comparison to carbohydrase alone. However the effect was only observed on d 15, not d 22. Other similar in-house trials indicated that plasma SOD or GPx activity was typically not sensitive to feed additives in this type of gut health model. In summary, a rye wheat based diet containing feather meal along with a mild mixed-species Eimeria challenge resulted in subclinical enteritis characterized by digestion inefficiency, dysbacteriosis, gut barrier failure, and elevated immune responses in young broilers. Supplementation of dietary carbohydrase containing xylanase, glucanase, and galactosidase improved growth performance, nutrient absorption, dysbacteriosis, gut barrier function, and reduced systemic inflammation. Protease supplementation alone improved growth performance, reduced digesta viscosity, and had a tendency to improve gut morphometry. Synergistic effect between carbohydrase and protease was observed for some measurements such as ileal C. perfringens and liver vitamin E. The trial demonstrated that under gut health challenges initiated by viscous grains and low-digestible protein ingredients, carbohydrase and protease were able to improve growth performance and gut health of young broilers, and some additional benefits were observed when they were used together.
